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Previous studies showed that HIV-1 reverse transcription occurs during or before uncoating, linking mechanistically reverse
transcription with uncoating. Here we show that inhibition of reverse transcriptase (RT) during HIV-1 infection by pharmaco-
logic or genetic means increased the stability of the HIV-1 core during infection. Interestingly, HIV-1 particles with increased
core stability were resistant to the core-destabilizing effects of rhesus TRIM5� (TRIM5�rh). Collectively, this work implies that
the surface of the HIV-1 core is dynamic and changes upon the ongoing processes within the core.

Uncoating is the shedding of monomeric capsids from the ret-
roviral core. Since only �40% of the total capsid in the virion

comprises retroviral core (1, 2), a simplified view of uncoating is
that the monomeric capsid is in dynamic equilibrium with the
assembled capsid (viral core). This implies that the core may exist
in a metastable state only in the presence of a high concentration
of soluble capsid, keeping the equilibrium shifted toward core
formation by mass action; however, the fact that complexes con-
taining capsid have been detected in the cytoplasm implies that
cellular factors may be involved in stabilization of the core (3–5).
In agreement, elegant experiments have shown that isolated cores
undergo reverse transcription more efficiently in the presence of
cellular extracts, suggesting the requirement for cellular factors for
reverse transcription and uncoating (5–7).

Cumulative evidence suggests that reverse transcription occurs
before or during uncoating: (i) TRIM5� blocks HIV-1 reverse
transcription by destabilizing the core (8–10); (ii) HIV-1 cores
without Vif, Vpr, or Nef exhibit low stability and a defect in re-
verse transcription (11); (iii) TRIM5� mutations that block
HIV-1 infection but have lost the ability to block reverse transcrip-
tion are unable to accelerate uncoating (12); (iv) use of protea-
some inhibitors during HIV-1 infection increases the stability of
the core and augments reverse transcription (8, 13); and (v) dif-
ferent assays measuring infection of HIV-1 as a surrogate for un-
coating suggest that HIV-1 uncoating happens before the comple-
tion of reverse transcription (14–16). Overall, this evidence
suggests that reverse transcription is mechanistically linked to the
uncoating process of HIV-1.

Effect of RT inhibitors on HIV-1 core stability. To test the
effect of viral reverse transcriptase (RT) activity on the stability of
the HIV-1 core during infection, we used the fate of the capsid
(FOC) assay (8–10, 17–19). The FOC assay discriminates pellet-
able from soluble capsids during infection and allows for the
quantification of pelletable capsids or HIV-1 cores, which is a
direct measure of core stability. Cf2Th cells containing the empty
vector LPCX were first challenged with increasing amounts of
HIV-1 green fluorescent protein-expressing (GFP-reporter) virus
in the presence of azidothymidine (AZT), and the degree of infec-
tion was assessed by measuring the percentage of GFP-positive
cells by flow cytometry. As previously shown (20), AZT potently
blocked HIV-1 infectivity compared to controls treated with di-
methyl sulfoxide (DMSO) (Fig. 1A). We then examined the effect
of AZT on stability of the HIV-1 core. For this purpose, we in-

fected LPCX-transduced cells with HIV-1 in the presence of AZT
for 16 h and performed a FOC assay on the infected cells (Fig. 1B).
Interestingly, the amount of pelletable HIV-1 capsid increased
3-fold by the use of an RT inhibitor compared to DMSO-treated
cells (Fig. 1B and C). As a positive control, we challenged Cf2Th
cells stably expressing rhesus TRIM5� (TRIM5�rh) (Fig. 1D) with
HIV-1 GFP-reporter for the same length of time. TRIM5�rh de-
stabilizes the HIV-1 core by reducing the amount of pelletable
capsids during infection (8, 10). As expected, TRIM5�rh severely
decreased the amount of HIV-1 pelletable capsids during infec-
tion (Fig. 1B and C). Overall these results suggested that inhibition
of RT by AZT increases the amount of pelletable HIV-1 capsids
during infection.

Effects of RT mutants on HIV-1 core stability. Because AZT
increases core stability during infection, we hypothesized that HIV-1
viruses bearing mutations in the active site of RT exhibit more stable
cores. To test this hypothesis, we used the FOC assay to examine the
stability of the HIV-1 core with a D185N mutation in the RT active
site. As expected, this mutation allows production of particles that
are not infectious (Fig. 2A) (21); however, HIV-1 D185N particles
were mature, as determined by Gag processing (Fig. 2B) (22). Subse-
quently, the effect of RT mutations on the stability of the HIV-1 core
was analyzed by the FOC assay (Fig. 2C and D). For this purpose,
Cf2Th cells containing the empty vector LPCX were challenged for 16
h with similar amounts of wild-type and mutant viruses normalized
by p24 enzyme-linked immunosorbent assay (ELISA). Analysis of
soluble and pelletable capsids by the FOC assay revealed that HIV-1
D185N was more stable than wild-type HIV-1 (Fig. 2C and D). As a
control, TRIM5�rh destabilized the HIV-1 core during infection (Fig.
2C and D). These results demonstrated that inhibition of reverse
transcription resulted in an increase of pelletable HIV-1 capsid dur-
ing infection.

Ability of TRIM5� to destabilize an HIV-1 core bearing a
mutated RT. The ability of TRIM5�rh to restrict infection correlates
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with destabilization of the HIV-1 core (8, 10). To test whether the
stability gained by the core in our HIV-1 RT D185N mutant could
overcome the destabilization induced by TRIM5�rh, we challenged
cells expressing TRIM5�rh with wild-type and mutant HIV-1 vi-
ruses normalized by p24 ELISA. At 16 h postinfection, we sepa-
rated soluble from pelletable capsids by the FOC assay (Fig. 3A
and B). Consistent with our hypothesis, the HIV-1 RT D185N
mutant showed an increase of pelletable capsids in the presence of
TRIM5�rh compared to wild-type HIV-1 (Fig. 3A and B). Simi-
larly, we found that AZT and nevirapine inhibit the ability of
TRIM5�rh to decrease the amount of pelletable capsids during
infection (Fig. 4A and B). Altogether, these experiments suggested
that RT activity within the HIV-1 core is required for the ability of
TRIM5�rh to accelerate uncoating.

These results showed that mutations or drugs that disrupted
RT activity increased the amount of particulate HIV-1 capsid by 2-
to 3-fold, which is in agreement with previous findings (12, 14–
16). An attractive hypothesis that arises from these findings is that
the enzymatic activity of RT, which involves conformational
changes during synthesis of viral DNA (6), induces the reorgani-

zation of core components in some way that facilitates shedding of
monomeric capsids. This effect could be achieved by triggering
dissociation of putative stabilizing factors from the surface of the
core. In addition, the DNA is a less flexible molecule than RNA, so
it is likely that DNA will require more space inside the core. The
synthesis of DNA inside the core will probably require more space
and will end up rearranging the entire core structure.

In the first hours of infection, while the reverse transcription
complex is forming, the viral core undergoes enlargement (4, 23,
24), which is likely to be due to acquisition of host cell proteins.
One possibility is that RT activity facilitates recruitment of factors
that can trigger uncoating of the virus (6, 25). This notion is in
agreement with recent findings of second-site suppressor muta-
tions that rescue virus infection without restoring capsid stability
(3, 26); these mutants might be gaining the ability to better recruit
host factors that are required for reverse transcription. In contrast,
the absence of RT activity might be preventing the normal initia-
tion of uncoating.

The result that the HIV-1 RT D185N mutant was resistant to
the core-destabilizing effects of TRIM5�rh implies that the RT

FIG 1 Effects of reverse transcriptase inhibitors on HIV-1 core stability. (A) Cf2Th cells transduced with the empty vector LPCX were challenged with increasing
amounts of HIV-1 GFP-reporter virus (800 pg/ml of p24) in the presence of AZT. As a control, LPCX-transduced cells were challenged in the presence of DMSO,
the solvent used to resuspend the RT inhibitors. GFP-positive cells were quantified by flow cytometry. (B) LPCX-transduced Cf2Th cells in the presence of AZT
or DMSO were challenged with similar amounts of HIV-1 GFP-reporter, and the amount of soluble versus particulate capsid was determined by the FOC assay.
As control, we used the same amount of HIV-1 GFP-reporter to perform the FOC assay in Cf2Th cells stably expressing TRIM5�rh, which is expressed from the
LPCX vector. Briefly, cells were incubated with HIV-1 GFP-reporter at 4°C for 30 min, washed, and returned to 37°C. Infection was allowed to proceed for 16 h.
Cell extracts were fractionated on a sucrose cushion. Input, soluble, and pellet fractions were analyzed by Western blotting using antibodies against the HIV-1 p24
capsid protein. (C) The percentage of pelletable HIV-1 capsid was determined with respect to the amount of total input capsid. Similar results were obtained in
three independent experiments, and standard deviations are shown. Statistical differences are given as P � 0.001 (two-way analysis of variance [ANOVA]
followed by the Bonferroni posttest). (D) Cf2Th cells stably transduced with TRIM5�rh and selected in puromycin were analyzed for TRIM5�rh-hemagglutinin
(HA) expression by Western blotting using anti-HA antibodies. The loading control was performed using anti-�-actin antibodies.
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FIG 2 Effects of RT mutants on stability of the HIV-1 core. (A) Cf2Th cells transduced with the empty vector LPCX were challenged with the indicated
HIV-1-GFP reporter viruses normalized by ELISA against p24 (800 pg/ml of p24). To study the effect of reverse transcription on core stability, we challenged cells
with an HIV-1 strain bearing a mutation in the active site of the RT enzyme (HIV-1 RT D185N). Forty-eight hours postinfection, GFP-positive cells were
quantified by flow cytometry. (B) Because the HIV-1 RT D185N mutant is not infectious, Gag-processing levels in viral supernatants were evaluated by Western
blotting using antibodies against p24. (C) LPCX-transduced Cf2Th cells were challenged with similar amounts of the indicated HIV-1 GFP-reporter viruses, and
the amount of soluble versus particulate capsid was determined by FOC assay. As a control, we used the same amount of wild-type HIV-1 GFP-reporter virus to
perform the FOC assay in Cf2Th cells stably expressing TRIM5�rh, which is expressed from the LPCX vector. Briefly, cells were incubated with the indicated
viruses at 4°C for 30 min, washed, and returned to 37°C. Infection was allowed to proceed for 16 h. Cell extracts were fractionated on a sucrose cushion. Input,
soluble, and pellet fractions were analyzed by Western blotting using antibodies against the HIV-1 p24 capsid protein. (D) The percentage of pelletable HIV-1
capsid was determined with respect to the amount of total input capsid. Similar results were obtained in three independent experiments, and standard deviations
are shown. Statistical differences are given as P � 0.01 (two-way ANOVA followed by the Bonferroni posttest).

FIG 3 The core-stabilizing HIV-1 RT mutant is resistant to the destabilizing effects of TRIM5�rh. (A) Cf2Th cells transduced with the empty vector LPCX or expressing
TRIM5�rh were challenged with the indicated HIV-1 GFP-reporter viruses normalized by ELISA against p24. The amount of soluble versus particulate capsid was
determined by FOC assay. Briefly, cells were incubated with the indicated viruses at 4°C for 30 min, washed, and returned to 37°C. Infection was allowed to proceed for
16 h. Cell extracts were fractionated on a sucrose cushion. Input, soluble, and pellet fractions were analyzed by Western blotting using antibodies against HIV-1 p24
capsid protein. (B) The percentage of pelletable HIV-1 capsid was determined with respect to input capsid. Similar results were obtained in three independent
experiments, and standard deviations are shown. Statistical differences are given as P � 0.001 (two-way ANOVA followed by the Bonferroni posttest).
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activity has a role in the ability of TRIM5�rh to destabilize the core.
As suggested above, RT activity within the core might be triggering
a conformational change on the surface of the core that allows
binding and destabilization by TRIM5�rh. Previous experiments
have demonstrated that an RT-defective HIV-1 abrogates the re-
striction imposed by TRIM5�rh to a similar degree as wild-type
virus (27); this suggested that the core from the RT-defective
HIV-1 particle is still interacting with TRIM5�rh. A feasible hy-
pothesis is that RT activity triggers dissociation of core-stabilizing

factors, which makes the HIV-1 core more susceptible to the ef-
fects of TRIM5�rh.

Overall, these findings are in agreement with the hypothesis
that the surface of the core is dynamic and could expose and hide
protein domains, depending upon changes within or outside the
core, as shown for other viruses (28, 29). The process of exposing
and hiding domains on the surface of the core creates a commu-
nication system between the core and its environment, and this
communication could be important for the core to sense the ap-
propriate place and time to undergo uncoating.
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